Congregation of individuals at high densities is known to increase disease transmission and bird-feeding activities are specifically aimed at attracting many birds to a single location. We surveyed nine potential host species for evidence of infection by each Mycoplasma gallisepticum (MG) and Avipoxvirus, or avian pox. We also examined differences in pathogen exposure at sites with bird feeders and sites without bird feeders. Finally, we compared prevalence of birds with antibodies against MG and avian pox to those that showed physical signs of infection. To test for pathogen exposure, we used indirect enzyme-linked immunosorbent assays. We found species-specific disease dynamics, as House Finches Haemorhous mexicanus had a significantly greater likelihood of having antibodies against MG than any other species. Birds at sites with feeders were more likely to have antibodies against MG. Birds at sites with feeders were no more likely to have antibodies against avian pox, but seroprevalence of avian pox did differ significantly among species. Overall, our findings suggest differential exposure and immune responses to each pathogen among species and that feeders increase the exposure of individuals to MG but not to avian pox, offering valuable new insights into the role of bird feeding activities in disease transmission among birds.
INTRODUCTION
Congregation of individuals at high densities is known to increase disease transmission and bird-feeding activities are specifically aimed at attracting many birds to a single location (Becker et al., 2015) . Studies have shown that implementing bird feeders increases the likelihood of host infection to Mycoplasma gallisepticum (MG), a causative agent of conjunctivitis in birds (Hawley et al., 2007) . Alternatively, very few studies have examined the potential role of feeders in spreading viral pathogens, and no study has explicitly examined the role of bird feeders in avian pox disease dynamics.
Disease ecologists have been closely following the spread of MG in wild bird populations for over 20 years (Dhondt et al., 2012 (Dhondt et al., , 2014 . This was initially a pathogen primarily found in poultry until it began to spread in the House Finch Haemorhous mexicanus in 1994 (Ley et al., 1996) and, eventually, to other wild birds (Dhondt et al., 2014) . MG conjunctivitis causes ocular lesions that are the result of past inflammatory effects to infection with MG. In addition, MG is also an important respiratory pathogen (Hartup et al., 2001) .
Avian pox is a well-known disease of captive and wild birds caused by dsDNA viruses in the genus Avipoxvirus, and it affects a wide range of species on a global scale . Avian poxviruses typically cause small, 'wart-like' lesions on the featherless regions of the head, legs and feet. Affected birds with mild lesions frequently recover and this is considered to be the most common outcome in wild birds; however, avian pox lesions may compromise vision, the ability to feed, or lead to secondary bacterial or fungal infection leaving wild birds vulnerable to predation . Wilcoxen et al. (2015) completed a three-year study examining the effects of bird feeding on the health of wild birds. Though the primary focus of that work was to assess physiological condition of the birds, they also examined birds for outward signs of disease. In that study, it was found that birds with access to feeders had greater incidence of signs of each conjunctivitis (presumably from MG) and avian pox. That study of the effects of bird feeding on bird health was conducted from April 2011 to June 2014 and it included a 'pre-feeder' survey of bird health from April 2011 to mid-June 2011. Feeders were then installed and filled continuously until June 2013. Captured birds were used to assess their health during this entire stretch when feeders were active. Then, from April-June 2014 (after feeders had been removed), Wilcoxen et al. (2015) again captured birds to assess the effects of feeder removal on their health. This study found that birds with access to supplemental food were in better physiological condition, unless they contracted disease. Though Wilcoxen et al. (2015) was an important study in understanding the effects of human-provided food on bird physiology, that study likely underestimated how many birds had important diseases by only using the observation of birds demonstrating outward signs of pathology to determine disease status. Using remaining blood plasma samples from the Wilcoxen et al. (2015) study, the objective of this study was to assess what percentage of birds were actually infected with Mycoplasma gallisepticum (MG) and Avipoxvirus at some point in time, rather than simply assessing which birds had severe pathology.
The objective of this study was to examine the differences in pathogen exposure among nine species of birds at sites with bird feeders and sites without bird feeders. We hypothesised that birds at feeder sites would have greater prevalence of antibodies against MG and avian pox than control sites. We also hypothesised that birds would have a greater prevalence of antibodies against MG and avian pox than those that showed signs of infection in the Wilcoxen et al. (2015) study.
METHODS
All methods were approved by the Millikin University Animal Care Committee (protocol #2012-02). Samples for this study were collected from individuals of nine feederusing species (Table 1) . While these species vary in their degree of granivory, local habitat, and behaviour, they are all part of the community of birds that use feeders, and diseases spread at the community-level (Molaei et al., 2016) . The study sites were located near Decatur, Illinois, USA, and used from April 2011 to June 2014. Three sites had feeders (Sand Creek Conservation Area, Decatur, Illinois; Rock Springs Environmental Center, Decatur, Illinois; and Fort Daniel Conservation Area, Mt. Zion, Illinois) and three sites did not have feeders, and were used as control sites (Friends Creek Conservation Area, Argenta, Illinois; Allerton Park, Cisco, Illinois; and Valentine Park, Monticello, Illinois; Wilcoxen et al., 2015) . At each site, over the three-year study period, birds were captured in mist nets and between 100-150 µL of blood was collected into heparinised microhematocrit capillary tubes following venipuncture of the brachial vein. After collection, plasma was separated from the cellular portion of the blood via centrifugation and stored frozen until use in indirect enzyme-linked immunosorbent assays (ELISA; Asgharzade et al., 2013 ). Specifically, we tested plasma samples for immunoglobulin Y (IgY).
Prior to assay, each sample was diluted by adding 5 µL of plasma to 185 µL of phosphate buffered saline with a colour indicator. Each ELISA was completed in a 96-microwell plate, in which each individual diluted sample was tested (n=382). To detect MG IgY antibodies in the bird plasma, we used a commercial AffiniTech MG antibody test kit, with the manufacturer's anti-chicken IgY secondary antibody (described in Wrobel et al., 2016) . In addition, we used an ELISA developed for avian pox for birds of prey (described in Wrobel et al., 2016) , and inspired by Ha et al. (2013) , with an HRP-conjugated, anti-bird IgY secondary antibody (Bethel, Inc., Montgomery, Texas, USA) to detect avian pox antibodies in bird plasma. The antigen coated on the avian pox ELISA plate was purified from a fowl pox vaccine (Zoetis, Inc., Parsippany, New Jersey, USA). In each ELISA we used positive controls, with a sample from a Blue Jay (Cyanocitta cristata) captured at Sand Creek Conservation Area, and confirmed positive for avian pox via multiple foot lesions and polymerase chain reaction (PCR). Our positive control for MG was a sample from a House Finch with severe conjunctivitis, captured at Fort Daniel Conservation Area, and confirmed positive for MG via PCR. All samples were also run in negative wells, coated with normal rat serum. All birds with a positive to negative ratio (P/N) greater than, or equal to the P/N of each of the positive control birds were considered positive (P/N of 2.24 for MG and P/N of 3.74 for avian pox).
Data were analysed using SPSS software (IBM, Inc., Armonk, New York, USA), with a chi-squared test of association to determine if prevalence was associated with species. Generalised linear models were completed to determine if age (juvenile or adult), year (2011 to 2014), and feeder access influenced the likelihood of seroprevalence. In each analysis, the status of antibodies, which was stated as 'yes' or 'no' in terms of presence of antibodies, was the dependent variable. Any result with a P value <0.05 was considered statistically significant. Figure 1 ). Black-capped Chickadees Poecile atricapillus (5.0%), Tufted Titmice Baeolophus bicolor (0.0%), and White-breasted Nuthatches Sitta carolinensis (0.0%) had a significantly lower likelihood of avian pox seroprevalence than each of the other six species. Gray Catbirds Dumetella carolinensis (40.75%) were 2.2 times more likely to have antibodies to avian pox than House Finches (18.7%; P=0.02), but there are no significant differences among the other species tested (range of 25.6-35.1%; P>0.198 in all cases).
DISCUSSION
Our results for seroprevalence of MG support our first hypothesis that birds at feeder sites would have greater prevalence of antibodies against MG than sites without feeders. However, there was no difference in prevalence for avian pox at feeder sites versus control sites, which does support our hypothesis. When pairing our findings to the pathology data of our companion study Wilcoxen et al. (2015) , it is clear that seroprevalence of both MG and avian pox is higher than the percentage of birds with outward signs of infection (Table 2) .
There were also species-specific disease dynamics, as House Finches had a significantly greater likelihood of having antibodies against MG than any other species. Originally, MG was a common respiratory pathogen of domestic poultry, but MG conjunctivitis is correlated with significant declines of House Finch populations beginning in 1994 across the entire range of the population (Ley et al., 1996; Hartup et al., 2001) . Red-bellied Woodpeckers Melanerpes carolinus, Northern Cardinals Cardinalis cardinalis, and Brown-headed Cowbirds Molothrus ater also had high incidences of antibodies against MG in our study. Our results indicate that there was seroconversion in Red-bellied Woodpeckers, a species that was not tested in the most expansive survey of MG in wild birds to date (Dhondt et al., 2014) . We also found MG seroprevalence in White-breasted Nuthatch, whereas Dhondt et al. (2014) tested this species and did not have any White-breasted Nuthatches that were MG positive in their large-scale study in northern New York.
In studies of the pathogenicity of MG, House Finches displayed a stronger and more rapid response to MG compared to other non-finches, particularly Black-capped Chickadees (Dhondt et al., 2015) . We found that three Black-capped Chickadees out of a sample size of 36 (8.3%) tested positive for antibodies against MG, whereas 30 House Finches out of a sample size of 64 (46.9%) tested positive for antibodies against MG. Although all nine species were susceptible to infection, the bacterial infection appears to be better adapted to grow in House Finches than in non-finches, meaning that non-finches could have a shorter duration of infection or a lower probability of detecting these antibodies.
In the aforementioned study by Dhondt et al. (2014) , they found that out of 27 species (15 families) of songbirds, there was evidence for exposure with MG, although conjunctivitis was very rare in non-finches and the evidence of MG infection was found in all species for which at least 20 individuals had been sampled. Dhondt et al. (2014) found that in birds sampled with access to feeders, seroprevalence of MG was also much greater than in birds sampled away from feeder sites. Thus, lower numbers of birds in the nearby area are associated with conjunctivitis will decrease the probability of nearby individuals contacting MG on the feeder, and therefore should decrease MG transmission (Hawley et al., 2007; Dhondt et al., 2015) . As for avian pox, the known vectors include mosquitoes, although bird-to-bird contact can also spread the pathogen if infected individuals have open lesions (Ha et al., 2013) . The species with the greatest seroprevalence for avian pox in this study are brushy, edge-dwelling generalists (Gray Catbird and Northern Cardinal), which may increase their exposure to mosquito vectors. Our finding that while there were significantly more birds at feeder sites showing outward signs of avian pox (Wilcoxen et al., 2015) , but that there was no difference in seroprevalence between sites with feeders and sites without feeders suggests that birds may not be more at risk for avian pox at feeder sites, instead, those that are sick with pox may alter their behaviour to rely more on feeders where they are available. Frequent returns to the feeder by diseased birds would increase their likelihood of capture, but aside from direct contact of lesions from birds with a severe pox infection to a mucosal membrane of an uninfected bird, the pox virus is unlikely to persist on the feeders in the way a bacterium, such as MG might.
Avian pox is widespread among European songbirds as well, and a novel strain, Paridae pox was described in populations of Great Tits Parus major in 2012 . Over a multi-year study, pox prevalence in Great Tits reached rates as high as 10% in a population in Wytham Woods, southeast England, but in some years appeared in less than 1% of captured birds . Prior to the description of Paridae pox in the Wytham Woods population, different strains of avian pox were observed in Great Tits in Hungary (Palade et al., 2008) , Austria (Gruber et al., 2007) , and Norway (Weli et al., 2004) . To date, it is unknown to what degree feeders influence avian pox dynamics in Great Tits, particularly because each of these studies was conducted by capturing birds using feeders, without the concurrent monitoring of birds at control sites.
Future studies should further examine the role of Avipoxvirus on feeder disease dynamics. This could allow for confirmation that Avipoxvirus is prevalent enough in the wild that the birds are infected and not re-infected. Further, our experimental design does not allow us to determine which pathogen was contracted first in individuals that were co-infected, however, the possibility that one of these two pathogens may increase the likelihood of contracting the other, particularly at sites with feeders, should be explored.
Overall, our findings suggest differential exposure and immune responses to each pathogen among species and that feeders increase the exposure of individuals to MG but not to avian pox, offering valuable new insights into the role of bird feeding activities in disease transmission among birds. Effectively, concern is not only that the access to supplemental feeders enhances disease transmission, but also the lack of knowledge of disease dynamics among hobbyists whom enjoy bird feeding. In order to prevent increased disease transmission, the feeding process may need to be altered. Recommendations from Wilcoxen et al. (2015) include frequent disinfecting and cleaning of bird feeders, which should directly reduce MG presence on the feeder surfaces, and increased length of time between feeder fillings, which may reduce the density of birds coming to feeders as they find the feeders to be a slightly less reliable source.
